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A Novel Numerical Technique for Dielectric
Measurement of Generally Lossy Dielectrics
Stoyan I. Ganchev, Sasan Bakhtiari, Member, IEEE, and Reza Zoughi, Member, IEEE

Abstract-A method for determining the dielectric properties
of infinite half-space of generally lossy dielectric materials is
described. This method utilizes the measurement of the admittance of a rectangular waveguide radiating into such dielectrics. It is shown that the real part of the admittance is relatively insensitive to the variations of the imaginary part of the
dielectric constant. Subsequently, a numerical procedure is initiated which provides a simple and fast-converging approach
for calculation of the dielectric properties of the material. This
numerical procedure renders itself to implementation by personal computers-a major advantage over the existing computational schemes. The theoretical formulation for the expression of the admittance of an open-ended waveguide and the
numerical procedure to calculate the dielectric properties are
discussed in detail. Results of several measurements of freespace and lossy dielectric samples (rubber with carbon black)
to verify the theory and the numerical scheme are given as well.
The results of this technique were also compared with other
measurement schemes, and very good agreement was obtained.
Comments on the accuracy of the results are also provided.

I. INTRODUCTION
VALUATING the dielectric properties of materials
is an important topic in microwave-related fields.
Consequently, numerous techniques have been developed
for measuring the dielectric properties of materials at microwave frequencies. Among the most common techniques are the partially filled transmission line, cavity
method, open-ended transmission lines, and free-space
method [1]-[13]. Some of these techniques require tedious sample preparation (destructive), while others offer
techniques for which no sample preparation is required
(nondestructive). However, in some industrial and medical applications, nondestructive measurement is the only
available option. Open-ended coaxial lines and waveguides are widely used for these types of measurements
[14]-[16], [l], [8]. In these cases an open-ended transmission line radiates into the dielectric medium, and its
properties are extracted via admittance or reflection coefficient measurement. Open-ended waveguide techniques
may offer less complicated measurement setups and may
be more adapted to on-line industrial applications than
open-ended coaxial line schemes. Also, there are several
simple techniques available for admittance measurement
of open-ended waveguides (via reflection coefficient
properties) using slotted lines, whereas, for open-ended
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coaxial lines usually a more complex measurement apparatus is needed.
Open-ended transmission line techniques render simple
and fast measurement procedures. However, their involved electromagnetic analysis usually requires complicated computational algorithms. Thus, most of what is
reported in the literature requires a large computer, is insufficient in its detailed derivations for replication purposes or is given for a limited set of parameters (e.g.,
frequency), In this paper we describe an open-ended rectangular waveguide technique with a simple and fast numerical procedure which can be programmed on a personal computer. This is an attractive scheme which
eliminates the use of large computers and yet allows quick
extraction of the dielectric properties of an infinite halfspace dielectric once the admittance of the open-ended
waveguide in the presence of the dielectric (or the reflection properties) is measured. This method is quite suitable
for lossy dielectric materials as the infinte half-space condition can be achieved more readily than with medium- or
low-loss dielectrics.
11. THEORETICAL
BACKGROUND
Fig. 1 shows an open-ended rectangular waveguide aperture radiating into a homogeneous dielectric sample with
relative complex dielectric constant of E , = E , - jE:. The
theoretical foundation of an aperture in an infinite ground
plane radiating into a dielectric medium is well known
[15]-[17]. A look at the results of these theories reveals
that the admittance of such aperture is stationary with respect to small variations of the aperture electric field. In
other words, an approximation of the electric field expression still yields a good estimate for the aperture admittance expression. This is to say that consideration of dominant mode alone results in a reasonably good estimation
of the aperture admittance. The validity of this approximation has been tested and will be shown in the results
section.
The expression for the admittance of a rectangular
waveguide aperture radiating into a half-space dielectric
medium is given by Lewin [17]:
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where r is the distance between the source point on the
aperture and a field point inside the dielectric on the aperture interface and is given by

e.

r=

Equation 1 can be manipulated upon normalization and
introduction of the following parameters:

x=b[, y=aq, s=-

b

b’

t = a

b’

J;T = e, + jei

so that it can be decomposed into a real and an imaginary
part which will give the conductance and the susceptance
of the open-ended waveguide respectively. Thus, G and
B can be expressed as

where

2s
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Fig. 1. Open-ended waveguide radiating into infinite half-space with dielectric constant e,.

= 4t2(e: - e ; )

+1

S, = 4t2(e: - e ; ) - 1

(1 - q ) cos
G and B are the conductance and the susceptance of the
aperture, a and b are the broad and narrow dimensions of
the waveguide cross section respectively, and kl is the
dominant mode wavenumber given by
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F = El

(7rq)

+ 7r
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and k, is the free-space wavenumber. K 1 , 2are given by:
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G, is given by
G,=-e

r

-jkrr

2

Js2t2+ t 2 q 2 .
111. CALCULATION
PROCEDURE

To calculate admittance of the waveguide aperture we
have to solve for a system of two integral equations describing G and B . This indeed is not a simple task, and in
some cases may be time and computer resource prohibitive. The time required to solve these equations is dictated
by (2) and (3). To perform these integrations, we have
used a numerical technique based on the Gauss-Legendre
integration [ 181. It is worth noting that the integrals will
experience singularities at 5: = q = 0. However, the integration method used here is insensitive to these singularities due to the fact that these integrations are not performed at the exact values of the upper and lower bounds
but very close to them. This integration technique pro-
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Fig. 2. Dependence of the real part of the admittance to loss tangent for
different values E ; .

Check for
Convergence

duced very good results (mainly due to the smooth behavior of the integrals) which were closely compared to the
other available techniques. It is important to mention that
for higher dielectric constant materials the number of
Gauss points needed for the integration should be higher
than that needed for the lower dielectric case.
The analysis showed the G is nearly invariant as a function of the imaginary part of the dielectric constant ( c y ) .
Fig. 2 shows the dependence of G on loss tangent (tan
6 = € : / E : ) for various values of E ; at 10 GHz (the variation of G with respect to E : is less than 4.9% for this
range). Thus, we can make a strong argument that E: can
be very closely approximated from G independent of the
value of E : . Considering this, we can calculate a fairly
good starting value for E: using some estimated value for
E : . In the event that we have no clue as to what a reasonable estimate for E : is, we may start with E : ) = 0. This
will only increase the calculation time slightly (which may
not be important as this is a very fast converging procedure). There will only exist one root such that the results
fall in the range of physically meaningful values. Thus, a
simple root-finding scheme may be utilized. Once the first
approximations for the real and the imaginary parts of the
dielectric constant are obtained, these values can be used
to repeat the process, so that more accurate values of the
dielectric constant are obtained (by calculating G and B
values that match their measured counterparts very
closely). The process may then be terminated as a prescribed limit of accuracy is reached. Fig. 3 shows the flow
chart for this procedure.
Through extensive analysis, this process proved to be
very fast converging for all cases. Furthermore, the entire
approach was programmed on a personal computer. This
renders itself as a versatile technique where many parameters such as waveguide aperture size, frequency, etc. can
be changed, and results may be obtained very quickly.
The admittance of the open-ended waveguide is related
to the complex reflection coefficient by
Y =

1 -

)r(e'+

1 -t I r l e j m '

AG S G Z - GZl

Fig. 3 . Flow chart of the numerical procedure.
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Fig. 4. Theoretical results of the magnitude of the reflection coefficient as
a function of e; for two values of loss tangent at 10 GHz.

Thus, once the magnitude and phase of I' are obtained,
B and G can be calculated, and using the procedure described above E : and E : are determined. Fig. 4 shows the
variation of the magnitude of the reflection coefficient as
a function of E , for two values of tan 6 at 10 GHz. This
shows that E : can be closely approximated from the measurement of the magnitude of the reflection coefficient
alone for generally lossy dielectrics. The accuracy associated with this approximation (about 10%)gets better for
smaller values of E ;.
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waveguide method [20]. A 1-m thick sheet of rubber was
placed inside an X-band slotted waveguide and using the
procedure outlined in [ 191 the dielectric properties of the
sample were measured to be E ; = 11.1 f 0.3 and E / =
2.4 f 0.15, which are close to the values obtained by our
procedure. This comparison confirms the validity of our
technique.
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Fig. 5. Comparison between the theoretical and measured admittance of
an X-band waveguide radiating into free-space.
TABLE I
DIELECTRIC
PROPERTIES
OF Two RUBBER
SAMPLES
OBTAINED
USING
THE
OUTLINED
PROCEDURE
Sample

Frequency (GHz)

e:

9
10
9
10

7.0 0.3
7.1 f 0.3
11.2 f 0 . 3
11.3 f 0 . 3

€;

1.67
1.72
2.30
2.33

f 0.14
f 0.14
f 0.16
f 0.16

IV. RESULTS
To check the validity of the theoretical predictions, we
measured the real and imaginary parts of the admittance
of an X-band waveguide radiating into free-space. These
measurements were conducted using a precision slotted
line and measuring the standing wave ratio and the shift
of the location of minima relative to a shorted slotted line
(the detailed description of this well-known technique is
not discussed here). Fig. 5 shows the measured values of
G and B and those predicted by the theory (1). It is evident
from Fig. 5 that there is a good agreement between theory
and measurement. These measured values of G and B were
also compared to those obtained by other investigators,
and the results were very much in concert [ 191. This confirms the argument that considering only the dominant
mode in our theoretical solution (approximation of the
fields) is quite an acceptable approximation for most practical cases.
We also measured G and B (via the measurement of the
reflection coefficient) for two different rubber samples.
Sample number 1 had a carbon concentration of roughly
33%, and the other sample contained higher carbon concentration (exact value was not known). Having calculated G and B, the samples’ dielectric properties were calculated using our numerical procedure. Table I shows the
results of these measurements. Standard deviations shown
in Table I are calculated by feeding partial measurement
errors of the reflection coefficient into the numerical procedure. Thus, we estimate our accuracy (for these rubber
samples) to be better than 4.3% for E : and 8.4% for E y .
The results of the dielectric properties of the second
sample at 10 GHz were checked using a partially filled

a nondestructive, fast-converging, and simple numerical
procedure which can be implemented on a personal computer. This numerical procedure is based on the measurement of the admittance of an open-ended waveguide
terminated by an infinite half-space dielectric. The insensitivity of the real part of the admittance to the imaginary
part of the dielectric constant is used to initiate our numerical technique. The theoretical development for the
expression of the admittance only considers the dominant
mode of the waveguide. The validity of this consideration
was tested by measuring the admittance of a waveguide
radiating into the free-space. The measurement and theoretical results were in very good agreement. Dielectric
properties of two different samples of rubber (containing
carbon black) were also measured. The results of one of
these samples were compared with those obtained using
another scheme. Very good agreement between these results was obtained as well.
ACKNOWLEDGMENT
The authors would like to thank Dr. M. A. Tsankov for
his expert advice and comments during the preparation of
this manuscript.
REFERENCES
[ l ] M. C. Decreton and F. E. Gardiol, “Simple nondestructive method
for measurement of complex permittivity,’’ IEEE Trans. Instrum.
Meas., vol. IM-23, pp. 434-438, Dec. 1974.
[2] M. C. Decreton and M. S . Ramachandraiah, “Nondestructive measurement of complex permittivity for dielectric slabs,” IEEE Trans.
Microwave Theory and Techniques, pp. 1077-1080, Dec. 1975.
[3] B . A. Sanadiki and M. Mostafavi, “Inversion of homogeneous continuously varying dielectric profiles using open-ended waveguides,”
IEEE Trans. Antennas Propagation, vol. 39, pp. 158-163, Feb. 1991.
[4] E. Tanabe and W . T. Joines, “A nondestructive method for measuring the complex permittivity of dielectric materials at microwave frequencies using an open-ended transmission line resonator, ” IEEE
Trans. Instrum. Meas., vol. IM-25, pp. 222-226, Sept. 1976.
[SI J . R. Mosig, et a l . , “Reflection of an open-ended coaxial line and
application to nondestructive measurement of materials,” IEEE Trans.
Instrum Meas., vol. IM-30, no. 1 , pp. 46-51, Mar. 1981.
[6] A. C. Lynch, “Precise measurement of dielectric and magnetic materials,” IEEE Trans. Instrum. Meas., vol. IM-23, pp. 425-443, Dec.
1974.
[7] J . Zuercher, L. Hoppie, R. Lade, S . Srinivasa, and D . Misra, “Measurement of the complex permittivity of bread dough by an open-ended
coaxial line method at ultrahigh frequencies,” J . Microwave Power
and Electromagnetic Energy, vol. 25, no. 3, pp. 161-167, 1990.
[8] M. A. Stuchly and S. S . Stuchly, “Coaxial line reflection methods
for measuring dielectric properties of biological substances at radio

GANCHEV er al.: TECHNlQUE FOR DIELECTRIC MEASUREMENT

[9]
[lo]
[ll]

[12]
[13]

and microwave frequencies-A
review, ” IEEE Trans. Instrum.
Meas., vol. IM-29, pp. 176-183, Sept. 1980.
L. S . Anderson et a l . , “Analysis of an open-ended coaxial line sensor
in layered dielectrics,” IEEE Trans. Instrum. Meas., vol. IM-35, pp.
13-18, Mar. 1986.
F. T . Ulaby and R. P. Jedlicka, “Microwave dielectric properties of
plant materials,” ZEEE Trans. Geosci. Remote Sensing, vol. GE-22,
pp, 406-414, July 1984.
S. 0. Nelson, L. E. Stetson, and C. W . Schlaphoff, “A general computer program for precise calculation of dielectric properties from
short-circuited waveguide measurements,” IEEE Trans. Instrum.
Meas., vol. IM-23, pp. 455-460, Dec. 1974.
R. A . York and R. C. Compton, “An automated method for dielectric
constant measurements of microwave substrates,” Microwave Journal, pp. 115-122, Mar. 1990.
0. Hashimoto and Y. Shimizu, “Reflecting characteristics of anisotropic rubber sheets and measurements of complex permittivity tensor,’’ ZEEE Trans. Microwave Theory and Techniques, vol. MIT-34,
no. 11, Nov. 1986.

365

[I41 V. Teodoridis, T . Sphicopoulos, and F. E. Gardiol, “The reflection
from an open-ended rectangular waveguide terminated by a layered
dielectric medium,” IEEE Trans. Microwave Theory and Techniques, vol. MTT-33, no. 5, pp. 359-366, May 1985.
[15] J. Galejs, “Antennas in inhomogeneous media,” Oxford, England:
Pergamon Press, 1969.
[16] M. R. Taherian, D. J. Yuen, T. M. Habashi, and A. J. Kong, “A
coaxial-circular waveguide for dielectric measurement,” ZEEE Trans.
Geosci. Remote Sensing, vol. 29, pp. 321-330, Mar. 1991.
[171 L. Lewin, Advanced Theory of Waveguides. London: Iliffe, 1951.
[18] W . H. Press, B. P. Flannery, S . A. Teukolsky, and W. T. Vetterling,
Numerical Recipes. Cambridge, England: Cambridge University
Press, 1986.
1191 W. F. Croswell, R. G. Rudduck, and D. M. Hatcher, “The admittance of a rectangular waveguide radiating into a dielectric slab,”
IEEE Trans. Antennas Propagation, vol. AP-15, Sept. 1967.
[20] M. A. Tsankov, “Commments on dielectric measurements of sheet
materials,” IEEE Trans. Instrum. Meus., vol. IM-23, pp. 248-249,
Sept. 1974.

